Endogenous opioids and their receptors are broadly distributed throughout the nervous system. They have been implicated in various functions such as analgesia, cognitive processes, cardiovascular functions or feeding behavior (Bodnard 2018; Corder et al. 2018) . It has been reported that enkephalins, released in the central nervous system, act as anxiolytic agents, particularly in the cortico-limbic system (Narita et al. 2006; Hernandez et al. 2015) . Enkephalin functions are in particular regulated by aminopeptidases, called enkephalinases, such as membrane-bound alanyl aminopeptidase (EC 3.4.11.2) (Danziger 2007) , puromycin-sensitive aminopeptidase (EC 3.4.11.14) (Thompson and Hersh 2004) , leucyl-aminopeptidase (EC 3.4.11.1) (Gibson et al. 1991) or placentalleucyl-aminopeptidase (EC 3.4.11.3) (Matsumoto et al. 2001) . Therefore, these enzymes may be involved in the modulation of brain functions by enkephalins (Banegas et al. 2017) .
Dietary fat modifies enkephalin expression in brain of rats (Chang et al. 2007; Chang et al. 2010) . Enkephalins of the frontal cortex are involved especially in functions such as pain modulation (Hardy and Haigler 1985) or cognitive processes (Henry et al. 2017) . The aim of our study was to analyze the effect of the diverse degree of fatty acid saturation of three different diets on the fatty acid composition and enkephalinase activity in the frontal cortex of adult male rats. We measured enkephalinase activity (EC 3.4.11.2, aminopeptidase M), particularly the one assayed with alanine-β-naphthylamide as substrate (Hersh et al. 1987) , which has been considered as the major enkephalin degrading enzyme in the brain (Hersh 1985) . The diets were supplemented with fatty acids clearly differing in their degrees of saturation: fish oil (F, rich in polyunsaturated fatty acids, PUFAs), olive oil (O, rich in monounsaturated fatty acids, MUFAs), and coconut oil (C, rich in saturated fatty acids, SAFAs). Since the dietary fat modifies enkephalinase activity in the frontal cortex, the functions in which its endogenous substrates are involved may also be changed.
Materials and methods
Experimental design. Three groups (n=8 each) of normal adult male Wistar rats (six-week-old, weighing 200-250 g, kept at room temperature of 22 ± 2ºC, with a relative humidity of 50-60% and a photoperiod of 12/12 h light/dark cycle) were individually housed in metabolic cages. Each group was fed during 16 weeks with an isocaloric diet supplemented with 10% of the oil under investigation: fish oil (F), olive oil (O) or coconut oil (C) (Segarra et al. 2008) . Body weight (g) and food intake (g/day) were monitored throughout all the experimental period. At the end of the feeding period, rat brains were perfused with saline through the left cardiac ventricle under equithensin anesthesia (Segarra et al. 2017) , quickly removed and cooled in dry ice. Samples of frontal cortex were dissected according to the stereotaxic atlas of Paxinos and Watson (1998) . For each group, the left and right frontal lobes (11.20 mm anterior to the interaural line) were collected, pooled, and separated in 2 aliquots, one for the determination of the protein content and enkephalinase activity and the other for the determination of fatty acids. All experimental procedures were in accordance with the European Communities Council Directive 86/609/EEC.
Isolation of soluble and membrane-bound enkephalinase. Tissue samples were homogenized in 400 μl of 10 mM HCl-Tris buffer (pH 7.4) and ultracentrifuged at 100 000 × g for 30 min at 4 °C. The obtained supernatants were used to measure soluble enkephalinase activity and protein content in triplicate. To solubilize membrane proteins, the pellets were re-homogenized in HCl-Tris buffer (pH 7.4) plus 1% Triton-X-100. After centrifugation (100 000 × g, 30 min, 4 °C), the supernatants were shaken in an orbital rotor for 2 h at 4 °C with the polymeric adsorbent Bio-Beads SM-2 (100 mg/ml) to remove the detergent from the sample. After bio-beads removal, these supernatants were used to measure membranebound enkephalinase activity and protein content in triplicate .
Enkephalinase activity. Soluble and membranebound enkephalinase activities in the frontal cortex were fluorometrically measured using L-Ala-β-naphthylamide (L-AlaNNap) as a substrate as previously described . The sensitivity of the method allows measurements in the pmol range. The coefficient of variation within the assays was 3.7%. However, as the enzyme undergoes some autolytic process during the assay, it may vary slightly between different assays. To avoid this problem, all enzymatic measurements (for each group) were performed on the same day. Therefore, the different groups were analyzed and compared under similar conditions. Proteins were quantified in triplicate by the method of Bradford (1976) using BSA as a standard. Specific soluble and membrane-bound enkephalinase activities were expressed as nanomoles of L-AlaNNap hydrolyzed per minute per milligram of protein. Fluorogenic assays were linear with respect to the time of hydrolysis and the protein content.
Isolation of lipids and analysis of fatty acids. Lipids were extracted with chloroform/methanol (2:1, v/v), according to Folch et al. (1957) and the chloroform phase was evaporated to dryness under vacuum (Speed-VAC, Savant Inc., Midland, MI, USA). The lipid residue was dissolved in toluene and spotted on thin-layer chromatography plates (SIL G-25, Macherey-Nagel, Duren, Germany). Plates were developed in n-heptane/diisopropyl ether/acetic acid (70:30:2, v/v/v.). After spraying the plate with an ethanolic solution of 2',7'-dichlorofluorescein, lipids were made visible under UV light. The bands were scraped and the fatty acids were transmethylated following Lepage and Roy (1986) . The fatty acid methyl esters were analyzed with an HP5890 series II gas chromatograph fitted with a flame ionization detector. Samples were injected through the split injection port (split ratio, 30:1) onto a SP 2330 capillary column (30 m × 0.25 mm, 0.20 mm film thickness; Supelco Company, USA) (Ruiz-Sanz et al. 2001) . Helium was used as carrier gas under a pressure of 0.5 bar and injector and detector temperatures were 250 °C. The oven temperature was programmed at 80 °C for 1 min, increased from 80 to 140 °C at a rate of 50 °C/min, then from 140 to 190°C at a rate of 5°C/min, and then held at 190 °C for 5 min. Finally, the temperature was increased from 190 to 210 °C at a rate of 5 °C/min and held at 210 °C for 15 min. Individual fatty acids were identified by comparing relative retention times with commercial standards (Nu Chek, USA). Heptadecanoic acid was used as an internal standard.
Statistical analysis. To analyze differences between groups, one-way analysis of variance (ANOVA) was used. Post-hoc comparisons were made using the Student's t-test. The Pearson coefficient of fatty acid content and enkephalinase activity was computed using SPSS13.0 and STATA 90. The p-values below 0.05 were considered significant.
Results
At the end of the 16 weeks feeding period, body weight and food intake increased in the three groups studied. The final body weight did not differ between the three groups, but food intake was significantly higher (p<0.01) in the coconut-treated rats than in the other two groups, which did not differ between them (Figure 1) . Figure 2 represents the profiles of fatty acids in frontal cortex depending on the type of fat used in the diet. The numerical values of this representation have previously been reported by Segarra et al. (2011) . As earlier discussed , the profiles clearly differed between the diets. The main differences were between the group fed a fish oil enriched diet and the two other groups which demonstrated minor differences between them. Compared with the olive oil group, there were few differences in the satu- rated fat deposition of rats fed fish oil except lignoceric acid (24:0) that increased. Regarding monounsaturated, palmitoleic acid (16:1ω7) also increased in the fish oil group. Polyunsaturated acids clearly increased in frontal cortex of rats fed fish oil in comparison with the ones fed olive oil. In comparison with coconut diet, linoleic (18:2ω6), eicosapentaenoic (20:5ω3), docosapentaenoic (22:5ω3) and docosahexaepentaenoic (22:6ω3) acids increased largely in the fish oil group .
The angiotensinase activities analyzed by Segarra et al. (2011) did not differ between groups. In contrast, the present data demonstrated significant differences between the diets for enkephalinase activities (Figure 3 ). Rats fed a diet enriched with coconut oil had lower soluble enkephalinase levels of activity than the group fed olive oil (p<0.01) or fish oil (p<0.05). Moreover, rats fed a diet enriched with fish oil had lower membrane-bound enkephalinase activity than the group fed with olive (p<0.001) or coconut oil (p<0.05). While no significant correlations between fatty acids and enkephalinase activities were observed in the group fed a diet enriched with fish oil, significant negative correlations were demonstrated in the groups fed with olive and coconut oils (Figure 3) . The higher level of soluble enkephalinase activity, the lower level of docosahexaenoic acid (p22:6ω3) (r=-0.772, p=0.02) and mean levels of ω3 (r=-0.731, p=0.03) in the olive oil group and arachidic acid (p20:0) (r=-0.766, p=0.02) in the coconut group. In addition, the higher levels of membrane-bound enkephalinase activity, the lower levels of palmitic acid (p16:0) (r=-0.778, p=0.02) and mead acid (p20:3 ω9) (r=-0.794, p=0.01) in the coconut group.
Discussion
Brain polyunsaturated ω3 fatty acids and particularly docosahexaenoic acid (DHA, p22:6 ω3) are important to improve brain development and cognitive functions. The deficit of DHA has been related to alteration of learning and memory, dementia and neurodegenerative disorders and its administration improves memory acquisition and ameliorates some symptoms in rat models of Alzheimer's disease (Hashimoto et al. 2017) . In contrast, saturated fatty acids such as arachidic (C20:0) (Iuliano et al. 2013; Nasaruddin et al. 2018 ) and palmitic acids (C16:0) (Moon et al. 2014; Schommer et al. 2018 ) have been respectively related to Alzheimer's disease and anxiety-like behavior, together with an increase of α-synuclein. In addition, mead acid (20:3 ω9) levels were higher in plasma of patients with Alzheimer's disease than in healthy controls (Iuliano et al. 2013) .
Therefore, our results demonstrate that in animals fed an olive oil enriched diet enkephalinase activity correlates with ω3 fatty acids reported as beneficial for brain function. In contrast, in the coconut group enkephalinase activity correlates with fatty acids reported as deleterious for brain function.
Moreover, since enkephalins were related with food intake (Mendez et al. 2015) , the higher food intake observed in the coconut group might be related to the differences between diets observed for enkephalinase activities.
These results demonstrated that the profile of fatty acids and the levels of enkephalinase activity are modified depending on the type of fat used in the diet. Further, there are significant correlations between these two factors. Chang et al. (2010) comparing control rats with high-fat consumer rats, have demonstrated a higher expression of enkephalin mRNA in the paraventricular nucleus, nucleus accumbens and central nucleus of the amygdala in the high fat diet group. This increased expression was related to the rise in circulating levels of triglycerides (Chang et al. 2007 ). To our knowledge, the present data report as the first a relation between the type of fat used in the diet and enkephalinase activity in frontal cortex.
Our results demonstrate that when an enriched diet in olive oil was used, a negative correlation between ω3 and soluble enkephalinase activity was observed: the higher the level of enkephalinase activity, the lower the level of ω3 acids. Therefore, considering the relationship high enkephalinase activity/low enkephalin level and vice versa, the results suggest low enkephalin together with low ω3 or high enkephalin together with high ω3. This may be interpreted as a direct or indirect complementary relationship between enkephalin and ω3 under a diet enriched with olive oil.
Furthermore, our results also demonstrate that when the diet was enriched with coconut oil a negative relationship between the saturated fatty acids arachidic, palmitic and mead acids versus soluble and membrane-bound enkephalinase activity was observed: the higher the level of enkephalinase activity, the lower the level of these fatty acids. Therefore, considering the relation high enkephalinase activity/low level of enkephalin and vice versa, our results suggest again low enkephalin together with low saturated and mead acids or vice versa. This may be interpreted as a direct or indirect compensatory relationship between enkephalin and these deleterious fatty acids under a diet enriched with coconut oil.
In addition, enkephalins in the frontal cortex have been related to some of the functions linked to this area, for instance the modulation of pain or cognitive processes such as anxiety or depression (Hardy and Haigler 1985; Henry et al. 2017) . As enzymes that regulate the activity of the enkephalins are modified depending on the type of fat in the diet, this observation may be important for designing therapeutic strategies that not only consider inhibitors or activators of enkephalinase activity but also take into account physiological factors that modify these activities such as for example circadian rhythm (Dominguez-Vias et al. 2018 ), gender (de Gandarias et al. 1989 , phase of the ovarian cycle (de Gandarias et al. 1988) or, as in the present study, the type of diet.
